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ait  compensations  in  rats  after  a  temporary  nerve  palsy  quantiﬁed
sing  temporo-spatial  and  kinematic  parameters
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Method  deﬁned  for  measuring  subtle  changes  in  the gait  of  rats  due  to injury.
Gait  comparisons  across  speeds  are  possible  as  long  as  speed  variations  are  small.
Signiﬁcant  gait  changes  were  noted  following  induction  of  a temporary  nerve  block.
Classiﬁcation  of gait  changes  improved  using  both  dynamic  and  kinematic  parameters.
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Background:  The  aim  of this  work  was  to test  a  method  for measuring  the  gait  of rats  with  sufﬁcient
sensitivity to detect  subtle  locomotor  changes  due  to  pathology,  injury  and  recovery.
Method:  The  gait  of female  Sprague-Dawley  rats  was assessed  using  an  optical  motion  tracking  system
and the  DigiGaitTM imaging  system  during  normal  locomotion,  shortly  after  temporary  nerve  block  to
the  left  hind  limb  and  after  full  recovery.
Results:  The  effect  of  low  treadmill  speeds  (10–30  cm/s)  was  initially  investigated.  Signiﬁcant  changes
were  detected  in  the  spatiotemporal  gait  parameters,  consistent  with  those  previously  reported.  The
overall  ranges  of  motion  in  the  hip,  knee  and  ankle  joints  were  37.5◦ (±7.1◦), 50.2◦ (±9.4◦) and  61.6◦
(±9.1◦) and  did  not  appear  to  change  with  speed,  indicating  that  for low  speed  variations,  kinematic
comparisons  across  speeds  may  be  possible.  Following  the induction  of  a temporary  sciatic  nerve  block,
the  range  of  motion  of  the left ankle  and  knee  during  swing  decreased  by 23◦ and 33◦, respectively
(p <  0.05).  A  compensatory  change  of a greater  range  of motion  at the  hip  was  noted  in the  contralateral
limb  (p <  0.01).  90 min  post  injection,  most  of  the gait parameters  had  returned  to normal,  however,  minor
walking  deﬁcits  were  still  present.
Comparison  with  existing  method(s):  Discriminant  analysis  showed  that a combination  of  dynamic  and
kinematic  parameters  provides  a more  robust  method  for  the  classiﬁcation  of  gait  changes.
Conclusions:  This more  detailed  method,  employing  both  dynamic  analysis  and  joint  kinematics  simul-
taneously,  was found  to be  a reliable  approach  for the  quantiﬁcation  of  gait  in  rats.
ublis©  2014  The  Authors.  P
. Introduction
Animal models have been commonly used for investigating
eurological insults such as central (CNS) and peripheral nervous
ystem (PNS) damage, spinal cord injury and sciatic nerve injury
Clarke et al., 1997; Couto et al., 2008; Varejao et al., 2004). Since
ost of these neurological conditions are accompanied by gait
∗ Corresponding author at: Department of Bioengineering, Bessemer Building,
outh Kensington Campus, SW7  2AZ London, UK. Tel.: +44 2075942873.
E-mail address: theofano.eftaxiopoulou06@ic.ac.uk (T. Eftaxiopoulou).
ttp://dx.doi.org/10.1016/j.jneumeth.2014.04.011
165-0270/© 2014 The Authors. Published by Elsevier B.V. This is an open access article unhed  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
changes, understanding of the details of the limb movements dur-
ing rat locomotion can provide an objective measure for nerve
dysfunction and recovery (Varejao et al., 2003; Vogelaar et al., 2004;
Yu et al., 2001). Assessment of locomotion in rats can be achieved by
quantifying intra-limb and inter-limb coordination during tread-
mill walking using temporo-spatial parameters and joint angle
kinematic analysis. The aim of this study was  to (a) assess the effect
of lower speed on kinematic angles as animals usually adopt lower
speeds following injury and (b) to test the hypothesis that a com-
bination of temporo-spatial parameters and joint kinematics can
discriminate between subtle locomotor changes due to pathology,
injury, and recovery.
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Table  1
Gait indices and descriptions (Vincelette et al., 2007).
Gait index Description
Stance time (s) Time in which the paw remains in contact with the belt
Stride time (s) The amount of time required to complete one
complete gait cycle for one limb
Swing time (s) Time in which the paw is not in contact with the belt
Stride length (cm) The distance between initial contacts of the same paw
in  one complete stride
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Table 2
Anatomical landmarks used in hind-limb tracking.
Segments Markers
Pelvis Anterior rim
Hip Head of the greater trochanter
Knee Lateral femoral epicondylePaw area (cm2) The maximal paw area in contact with the treadmill
belt
.1. Temporo-spatial parameters
Under normal circumstances, rodents tend to place their hind
eet such that they overlap previous forepaw positions. Recently,
ovel in vivo systems such as DigigaitTM (Mouse Speciﬁcs, Boston,
A)  have been developed to assess temporo-spatial parameters in
nimal models (Gabriel et al., 2007; Hamers et al., 2001; Koopmans
t al., 2005). A high-speed digital video camera mounted below a
ransparent treadmill belt continuously images the underside of
he walking animals, interrogates each individual frame for the
resence of paw contact and then identiﬁes the portions of the
aw in contact with the treadmill belt in the stance and swing
hase of the stride. The system thus measures and calculates vari-
us postural and kinematic metrics of temporo-spatial parameters
Berryman et al., 2009). This method is non-invasive and provides a
arge amount of data on locomotor patterns. During locomotion the
ost commonly measured parameters are: stance and swing time,
tride length and paw contact area (Table 1). This method does not
rovide a quantitative measure of joint kinematics, i.e. how each
ndividual joint moves to produce the resulting temporo-spatial
arameters.
.2. Joint kinematics
Traditional methods in locomotion studies measure angular
isplacements which describe the two-dimensional (2D) or three-
imensional (3D) motion of the joints, typically by ﬁlming an
nimal with markers ﬁxed over chosen articulations during walk-
ng (Costa et al., 2010; Filipe et al., 2006; Thota et al., 2005).
Joint angle plots can provide information on the ﬂexion-
xtension range of motion for each joint occurring at each phase of
ach step cycle (inter-limb coordination), while joint angle-angle
lots (for instance hip vs. knee) can be used for graphical qualita-
ive assessment of intra-limb coordination (Winstein and Garﬁnkel,
989). More often than not, studies of joint kinematics in rats have
ocussed on 2D analysis, employing two high speed video cam-
ras positioned perpendicular to the direction of movement (in
he sagittal plane). This approach assumes that the movement of
he rat hind-limb is planar, meaning that joint ﬂexion-extension
ngles can be detected by looking solely in the sagittal plane (Gillis
nd Biewener, 2001). However, this method can obscure small joint
ovements in the transverse plane, which are particularly impor-
ant when looking at injury models.
Recently, optical motion tracking systems have been success-
ully employed to measure three-dimensional joint kinematics in
nimal models (Madete et al., 2011; Webb et al., 2011). These sys-
ems are fully dynamic and suitable for clinical applications as they
llow the subjects to move naturally. They use multiple cameras
imultaneously, allowing accurate measurement of each marker
osition in 3D space. Anatomical locations are then mapped by
ttaching reﬂective markers to bony landmarks; typically on the
verlying skin. Movement of the skin relative to the bony land-
ark can then cause artefactual errors in the motions deduced,
specially where the soft tissue is thick (Anglin and Wyss, 2000;Ankle Lateral malleolus
Foot 5th metatarsal
Filipe et al. (2006) and Bauman et al. (2010) investigated the effect
that soft tissue movement errors have on joint kinematics: errors
as high as 30◦ in the hip and knee joints of rats were reported com-
pared with X-ray data. Skin-derived ankle kinematics on the other
hand most closely resembled bone-derived kinematics, in contrast
to knee and hip data. In order to address this problem, triangu-
lation of the boney landmark at the knee joint has recently been
proposed as an option for estimating the position of the knee based
on the location of the ankle and hip markers (Filipe et al., 2006).
These landmarks were thought to have less peripheral skin and are
therefore less affected by soft tissue artefacts compared to the knee
landmark. Bauman and Chang (2010) showed that this technique
provided closer approximations of bone-derived kinematics (X-ray
data) for the hip and knee joints of rats.
Both temporo-spatial parameters and kinematic analyses are
well established individually, and background data for both mice
and rats have been previously reported. However, the two tech-
niques have not previously been used in combination, and the
effects of low treadmill speeds (<30 cm/s) on joint kinematics have
not been previously investigated. It is our aim to assess the effect of
lower speeds on kinematic angles and to combine kinematic anal-
ysis with the simultaneous data provided by DigiGait to give more
accurate measures of activity and PNS function.
2. Materials and methods
Five Sprague-Dawley (Rattus norvegicus) female rats weighing
250–300 g, were individually trained daily for one week prior to
data capture to familiarise them with the treadmill set-up. Train-
ing involved 5 min  walking on the treadmill at different speeds
within the range of rats’ normal overground locomotion; ranging
from 10 cm/s to 30 cm/s.
Normal locomotion was then measured during treadmill walk-
ing at speeds between 10 and 30 cm/s. The DigiGaitTM imaging
system captured the ventral aspect of the animals whilst walk-
ing, using a high-speed digital video camera, mounted below a
transparent treadmill belt (Fig. 1).
Simultaneously an optical motion tracking system (Vicon,
Oxford, UK) was used at an acquisition rate of 200 Hz to track reﬂec-
tive markers attached to the skin of the rats. The reﬂective markers
are spheres of 3 mm in diameter and were glued to boney land-
marks on the hind limbs of each rat. Marker locations are shown in
Fig. 2 and Table 2. A video recorder at an acquisition rate of 200 Hz
also recorded the motion of the rat in the sagittal plane to allow
synchronisation with the opto-reﬂective data.
Anaesthesia was  induced in the rat using isoﬂurane (induced
at 4% in oxygen, maintained at 2%) and the hair over the lateral
aspects of both hind limbs was clipped, to the level of the iliac
crests. Anatomical landmarks were marked on the skin with non-
toxic indelible marker (Table 2) and reﬂective markers were then
attached to both hind limbs at these points using mastic adhe-
sive. The rat was  awakened and allowed 40 min  to clear the effect
of the anaesthetic, and was  then placed in the treadmill for two
minutes of video and data captured walking on the treadmill. The
speed of the treadmill was  originally set at 10 cm/s and progres-
sively increased in 5 cm/s increments until it reached 30 cm/s. Every
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nimal remained for at least 22 s at a given speed Total measure-
ent time did not exceed 2 min.
Following this, anaesthesia was once again induced in the rat
nd a transient sciatic nerve block was induced by the injection
f 0.2 ml  of 0.5% lidocaine just caudal to the greater trochanter of
he left hip. Previous studies have shown that injection of 0.1 ml  of
% lidocaine injected near the sciatic notch of Sprague-Dawley rats
auses complete absence of motor function 30 min  after the injec-
ion whilst, the animals are fully recovered 120 min  after injection
Thalhammer et al., 1995). Therefore, in this study the expectation
s that changes between 30 and 120 min  would show a gradation
f these locomotor parameters, including, for example ankle and
nee joint kinematics. In this study the gait of the rats was  eval-
ated 30 min  after the transient sciatic nerve block was induced
nd again 90 min  post injection employing exactly the same 2 min
xperimental protocol as described above.
.1. Data analysis
The 3D position of the knee landmark was triangulated as
escribed by Couto et al. (2008) as the intersection point between
he circumference of a circle and a plane. The circle was deﬁned
rom the intersection of two spheres, centred on the markers of
he greater trochanter and lateral malleolus with a radius equal
o the length of the femur and tibia respectively and the plane
as formed between the three markers attached to the greater
rochanter, lateral malleolus and knee epicondyle.
For each rat, a minimum of 4 consecutive strides at each speed
as analysed. The data were normalised to 100% of the gait cycle,
hich was deﬁned from the instant that the limb ﬁrst touched the
round (TD) (Fig. 3) to the time point that the same toe touched
ack down. A piecewise cubic polynomial approximation (using
atlab, version R2007a, The MathWorks, Natick, USA) was  used
o interpolate between the data points. The data for each rat were
ubsequently averaged over 4 strides and presented as the mean
oint extension angles and standard deviations for each speed.
Fig. 2. Reﬂective markers attached on prominent bony landill apparatus.
Maximum ﬂexion and extension angles during the stance and
swing phases were measured along with the extension angles at ini-
tial contact and toe-off to give the range of motion during the swing
and stance phases as well as for the entire gait cycle. Inter-limb
joint angle coordination was  assessed using the stance symmetry
(SS) (Yu et al., 2001) and symmetry error (SE) (Jung et al., 2009) that
characterised left–right symmetry for the entire gait cycle.
Statistical differences between the gait parameters and angular
data were assessed using a repeated measures analysis of variance
(ANOVA) test. When signiﬁcant changes were observed, post hoc
analyses using Least Signiﬁcant Difference (LSD) t-tests were car-
ried out. The coefﬁcient of multiple correlations (CMC) r (Kadaba
et al., 1989) was  used to evaluate the repeatability of the kine-
matic waveforms of the joint angles generated by each rat. As CMC
values are ordinally scaled, a non-parametric approach Friedman’s
test was used to investigate any differences between the within-
day CMC  values and when signiﬁcant changes were observed, post
hoc analysis was  carried out using the Wilcoxon Signed-Rank Test.
Multiple discriminant function analysis (MDA) was also used in
order to classify animals into three groups; normal gait, impaired
gait as expressed 30 min  post-injection of the local anaesthetic
and recovered gait as expressed at 90 min post injection. MDA  is a
technique used to determine which continuous variables discrim-
inate between two  or more occurring groups. In this study three
discriminant models with four variables each were evaluated. For
the ﬁrst model the four most important gait dynamic parameters
were used whilst, for the second the four most important kinematic
parameters were used. Finally, for the third model a combination
of dynamic and kinematic parameters were used. The four most
important variables for each model were initially determined using
the stepwise procedure and the Wilk’s lambda. With this approach,
several variables were initially entered into the regression model.
At each step in the analysis only the variables that maximised the
overall Wilks’ lambda were considered signiﬁcant and were kept
in the ﬁnal equation whilst the others were rejected. The leave-
one method was also employed for further model cross-validation.
marks on the lateral side of a rat for both hind-limbs.
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sig. 3. Images of the rat during gait captured by video camera positioned on the sa
imb  in red. (For interpretation of the references to color in this ﬁgure legend, the re
ll statistical testing was carried out using the software SPSS (IBM
PSS Statistics, Version 20© 2011, IBM Corp, New York, USA) with
he value for signiﬁcance set at 0.05.
. Results
.1. Temporo-spatial parameters
The DigiGaitTM image analysis software was used to analyse the
igital images (ventral view of running) and to deﬁne the contact
rea of each paw on the belt.
During normal gait, as the speed of the treadmill increased, there
as a decrease in the stance phase duration (p < 0.01), whilst the
wing time remained almost constant (p = 0.512). Stride length was
lso found to increase with speed (p < 0.01) whilst the maximum
aw area placed on the treadmill over time (Max dA/dT) remained
naffected. There were no statistical differences between the left
nd right limbs for any of the gait parameters assessed suggesting
hat all rats adopted a coordinated gait.The right-to-left stance-to-swing phase ratio is a measure
f coordination between left and right limbs SS = (Left Stance
ime/swingtime)/(Right Stance time/swing time); this was close
o 1 (range 0.89–1.06) conﬁrming that the gait was symmetrical
ig. 4. Variation of both stance and swing times with respect to treadmill speed, during: (
re  expressed as the mean and standard deviation for 5 rats. The different colors represen
how  the stance and swing times.plane. 3D kinematic data is overlaid with the right hind limb in green and left hind
is referred to the web version of this article.)
between the hind limbs across all speeds. Fig. 4a shows some of
these data quantitatively and it is noticeable that there is consid-
erable inter-subject variation in the stance times at lower speeds.
Temporary sciatic nerve block in the left hind limb had signif-
icant effects on the gait parameters in the affected limb (Fig. 4b).
Most rats were able to run only at speeds of 10 and 15 cm/s and
when compared to normal gait, the stride length of the left limb sig-
niﬁcantly decreased (p = 0.016) whilst the swing phase duration of
the contralateral limb decreased (p = 0.01). The injured rats tended
to drag their left hind limb for most of the gait cycle, leading to a
noticeable reduction (p < 0.05) of the maximum paw area on the
treadmill over time (max dA/dT) and to an uncoordinated gait with
the stance symmetry ratio decreased to 0.5 on average (p = 0.005).
At 90 min  post injection all gait parameters had returned to nor-
mal  (Fig. 4c) suggesting the rats had fully recovered and adopted a
coordinated gait.
The most prominent behavioural sign of the sciatic nerve block
injury was paw inversion (sole of the foot turned up medially) of the
affected foot which limited functional assessment of the injury with
the use of the Sciatic Function Index (SFI) (Varejao et al., 2004), a
metric commonly used to evaluate recovery following sciatic nerve
injury (Bain et al., 1989). However, as the paw was inverted, paw
length, that is deﬁned as the distance from the heel to toe, and paw
a) normal locomotion, (b) 30 min post-injection and (c) 90 min  post-injection. Data
t the two hind-limbs; black is the left and grey the right while the different symbols
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idth, deﬁned as the distance from the 1st to the 5th toe, decreased
rom 3.47 (±0.4) cm to 2.33 (±0.4) cm (p = 0.009) and from 1.63
±0.1) to 1.18 (±0.2) cm (p = 0.002) respectively. Similarly, the paw
rea signiﬁcantly decreased from 2.80 (±0.4) cm2 to 1.51 (±0.6)
m2 (p = 0.008). Post hoc analysis showed that all three parameters
ad returned to normal at 90 min  post injection.
.2. Joint kinematics
The within-day coefﬁcient of multiple correlation (CMC) r
Kadaba et al., 1989) was  used to evaluate the repeatability of
he joint angles acquired for each animal. The average coefﬁcients
howed good repeatability, with values ranging between 0.70 and
.93 (Growney et al., 1997). The CMC  was seen to increase with
peed, suggesting that the inter-stride differences are less at higher
peeds. A non-parametric Friedman’s test showed this was sig-
iﬁcant at the hip (x2(3) = 11.040, p = 0.012), knee (x2(3) = 8.939,
 = 0.030) and ankle joints x2(3) = 16.758, p = 0.001). Post hoc anal-
sis using Wilcoxon signed-rank tests showed that CMC  values for
he ankle rise from 0.72 ± 0.14 at 10 cm/s to 0.88 ± 0.09 at 20 cm/s
p = 0.013). For the hip and knee, differences in the CMC  values were
igniﬁcantly lower at 10 cm/s and repeatability did not vary signif-
cantly above this lower speed. The angular excursions at the hip
nd knee joints were found to be more repeatable than at the ankle
oint for all speeds up to 20 cm/s (x2(3) = 10.400, p = 0.006 at 10 cm/s,
2(3) = 7.737, p = 0.021006 at 15 cm/s and x2(3) = 9.800, p = 0.007 at
0 cm/s).
Kinematic waveforms were similar across the different speeds
Fig. 5); however, as the speed increased, joint angle graphs were
hifted to the right, showing the prolonged swing phase and short-
ned stance phase. The overall range of motion at 25 cm/s was
7.5◦ ± 7.1◦, 50.2◦ ± 9.4◦ and 61.6◦ ± 9.1◦ for the hip, knee and ankle
oints respectively, with no signiﬁcant differences being detected
etween the four speeds over the stride.
As a result of the temporary nerve palsy on the left hind limb,
he range of motion of the left ankle joint signiﬁcantly decreased
p < 0.05). At the same time, the range of motion of both hip joints
igniﬁcantly increased (p < 0.01) (Table 3). These changes in the
able 3
ean range of motion and p-values for the hind limbs of the female rats. The data are exp
Mean range of motion (◦) Stride
Normal 30 min post inject
L Hip 32.70 (10.7) 55.4 (3.6) 
R Hip 32.20 (7.6) 44.1 (13.5) 
L Knee 53.5 (10.24) 37.0 (15.6) 
R  Knee 47.70 (11.2) 48.3 (14.3) 
L  Ankle 56.10 (8.1) 34.2 (17.8) 
R Ankle 58.40 (7.2) 62.9 (14.1) 
* The mean difference is signiﬁcant at the .05 level.
able 4
ean range of motion (RoM) and p-values during the stance and swing phases. The data 
Mean RoM (◦) stance phase 
Normal 30 min post
injection
90 min post
injection
p-Value
L Hip 30.1 (11.6) 54.3 (4.4) 35.7 (17.3) 0.031*
R  Hip 28.8 (11.6) 42.1 (14.2) 35.8 (16.7) 0.020*
L  Knee 49.9 (14.2) 25.4 (8.7) 41.5 (13.8) 0.001**
R Knee 42.4 (8.8) 35.7 (13.9) 35.8 (12.4) 0.246 
L  Ankle 37.5 (8.2) 25.1 (16.8) 39.1 (10.7) 0.013*
R Ankle 45.1 (11.9) 44.1 (21.5) 48.9 (9.4) 0.754 
* The mean difference is signiﬁcant at the .05 level.
** The mean difference is signiﬁcant at the .01 level.Fig. 5. Mean ﬂexion (−ve)/extension (+ve) angles and standard deviations for the
left ankle during treadmill locomotion of one rat during normal gait at different
speeds. The vertical dashed lines mark the stance-swing transition.
range of motion of all the joints of the left limb were present during
the stance phase (p < 0.05) and only for the knee and ankle joints
changes were present during both the stance and swing phases
(p < 0.05) (Table 4). Post hoc analysis showed that differences in the
left hip, knee and ankle angles were signiﬁcant between the control
animals and 30 min  post injection (p < 0.05).
The effect of the impairment can be most clearly seen in the
ankle, with a qualitative change being visible in Fig. 6c. In the
impaired limb the initial contact angle increased from 102.2◦
(±12.5◦) to 141.0 (±45.2◦) and from 88.6◦ (±8.7◦) to 136.7◦ (±44.5◦)
(p < 0.05), during the stance and swing phases respectively. Simi-
larly, for the left knee the initial contact angle decreased from 97.1◦
(17.1◦) to 74.54◦ (10.9◦) (p < 0.001) during the stance phase and
increased from 51.4◦ (6.1◦) to 75.7◦ (15.1◦) (p < 0.05) during the
swing.
The mean range of motion for all the joints after the animals
had recovered was similar to those recorded during normal gait;
however, signiﬁcant differences were noted for the range of motion
of the left knee (p < 0.01) suggesting that minor walking deﬁcits
were still present.
The mean symmetry error between the ankle joints was 6◦ ± 3◦
during normal gait, but increased to 34◦ ± 19◦ at 30 min post
ressed as mean (±SD).
ion 90 min post injection p-Value
37.2 (15.9) 0.025*
38.2 (16.9) 0.050*
49.3 (13.4) 0.121
43.3 (11.3) 0.357
53.8 (9.7) 0.042*
60.8 (12.7) 0.837
are expressed as mean (±SD).
Mean RoM (◦) swing phase
 Normal 30 min  post
injection
90 min post
injection
p-Value
22.7 (11.2) 38.9 (11.9) 31.3 (13.4) 0.131
23.7 (9.5) 37.2 (12.8) 34.1 (16.4) 0.081
51.7 (7.1) 18.2 (10.8) 42.4 (6.4) 0.001**
46.8 (10.4) 46.1 (15.9) 42.7 (11.4) 0.490
49.8 (10.8) 24.7 (20.2) 49.4 (9.8) 0.039*
62.0 (12.7) 59.5 (12.9) 55.4 (10.3) 0.562
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Sig. 6. Mean ﬂexion (−ve)/extension (+ve) angles and standard deviations for the
ormal, impaired gait and recovery. The vertical dashed line marks the stance-swin
njection (p = 0.04) revealing an un-coordinated gait. Similarly the
ymmetry error for the hip and knee joints increased from 5◦ ± 4◦
nd 8◦ ± 7◦ to 21◦ ± 7◦ and 23◦ ± 7◦ respectively (p < 0.01). At 90 min
ost injection the symmetry error reduced back to 8◦ ± 5◦ for
he ankle, 5◦ ± 3◦ for the hip and 9◦ ± 6◦ knee joints, suggest-
ng that the rats had recovered and went back to a coordinated
ait.
A repeated measure analysis of variance test was also to com-
are between the swing and stance phase durations acquired using
he DigiGait and the Vicon data however, no signiﬁcant differences
ere noted between the 2 methods.
Using a sample of 5 rats, discriminant function analysis was  con-
ucted, with type of gait (normal, 30 min  post-injection and 90 min
ost-injection) as the dependant variable and four gait dynamic
arameters as potential predictor variables that was  the maximum
umber of parameters that could be introduced based on our sam-
le size.
Initially, twelve gait parameters were evaluated using the step-
ise procedure and the Wilk’s lambda. However, the stance time,
tride length, paw area and paw length were found to be the most
igniﬁcant variables (Table 5).
Two discriminant functions were used to predict the type
f gait from these four variables. The ﬁrst function (Wilks’
 = 0.094, Chi-square = 24.835, df = 8, Canonical correlation = 0.947,
 < 0.05) accounts for 99% of the total variation among groups. The
econd (Wilks’  = 0.918, Chi-square = 0.896, df = 3, Canonical corre-
ation = 0.286, p > 0.05) accounts for the remaining 1%. Stance time,
aw length and paw area were found to be the strongest predic-
ors of gait changes. The discriminant functions classiﬁed correctly
able 5
ummary of discriminant functions statistical power, Wilks’ Lambda and % of original and
Temporo-spatial
parameters
Statistic p-Value 
Box’s M Statistic 46.900 0.310 
Wilks’ Lambda 0.094 0.002 
Wilks’ Lambda for:
Stance time 0.449 0.008 Ankle RoM Swi
Stride  length 0.344 0.002 Knee RoM Swin
Paw  length 0.372 0.003 Hip Overall RoM
Paw  area 0.566 0.033 Ankle Overall R
Eigenvalue 8.776 
Canonical correlation 0.947 
%  of original grouped cases
correctly classiﬁed
80.0% 
%  of cross-validated grouped cases
correctly classiﬁed
60.0% ) hip, (b) knee and (c) ankle joints during treadmill locomotion of one rat during
sition.
80% of the original grouped cases. However, using the leave-one
method, 60% of the cross-validated grouped cases were correctly
classiﬁed. Highest errors were noted in reclassifying the gait of
the animals at 90 min  post injection while the classiﬁcation was
nearly perfect in reclassifying the animals altered gait at 30 min
post-injection.
Similarly, MDA  was  conducted to classify the type of gait from
the four most important kinematic parameters; hip and ankle
full range of motion and knee and ankle range of motion during
the swing phase. During the analysis only one signiﬁcant dis-
criminant function emerged (Wilks’  = 0.154, Chi-square = 19.659,
df = 8, Canonical correlation = 0.914, p < 0.05) that accounts for
98.7% of the total among groups variability whilst, the second
function (Wilks’  = 0.067, Chi-square = 0.682, df = 3, Canonical cor-
relation = 0.251, p > 0.05) accounts for the remaining 1.3%. The ﬁrst
discriminant function and correlations between the predictor vari-
ables and the type of gait suggest that the ankle angle and knee
angle during the swing phase are the strongest predictors of gait
changes. Overall, 80% of the cases were correctly reclassiﬁed into
their original categories however, only 40% of the cross-validated
grouped cases were correctly classiﬁed (Table 5).
Finally, MDA  was  used to predict the gait patterns of the
rats using both kinematic and dynamic parameters; ankle angle
and knee angle during the swing phase, stance time and paw
length. The ﬁrst function (Wilks’  = 0.048, Chi-square = 31.826,
df = 8, Canonical correlation = 0.970, p < 0.05) accounts for 98.5% of
the total variability whilst, the second function (Wilks’  = 0.811,
Chi-square = 2.203, df = 3, Canonical correlation = 0.435, p > 0.05)
accounts for the remaining 1.5% of the total variability. This
 cross-validated grouped cases correctly classiﬁed, for all three MDA  models.
Kinematic
parameters
Combination of
temporo-spatial &
kinematic
parameters
Statistic p-Value Statistic p-Value
60.250 0.091 46.943 0.309
0.141 0.008 0.048 0.000
ng Phase 0.570 0.034 Ankle RoM Swing Phase 0.570 0.034
g Phase 0.271 0.000 Knee RoM Swing Phase 0.271 0.000
 0.779 0.224 Stance time 0.449 0.008
oM 0.609 0.051 Paw length 0.372 0.003
4.499 15.797
0.905 0.970
80.0% 86.7%
40.0% 66.7%
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ombined method resulted in 86.7% of the original grouped cases
o be correctly classiﬁed, with 66.7% of the cross-validated grouped
ases correctly classiﬁed.
. Discussion
In this study 3D angular kinematics were compared between
peeds of 10, 15, 20, 25 and 30 cm/s. Few studies previously have
ompared the kinematics of rats at different speeds. Costa et al.
2010) found signiﬁcant differences between joint angle values
t 30 and 60 cm/s even though the kinematic waveforms were
dentical. Changes in speed are often neglected in most studies of
ovement disorders, despite the fact that these can act as con-
ounding factors for the interpretation of kinematic changes due
o pathology or injury (Costa et al., 2010). In this study the effect
f lower speed on kinematic angles was investigated as animals
sually adopt lower speeds following nerve injuries. Overall joint
anges of motion did not change signiﬁcantly over time or speed,
ndicating that as long as the variations in speed are not too large,
omparison across speeds may  be possible. This is of particular rele-
ance in overground studies, where the walking speed of the animal
annot be controlled.
The mean within-day coefﬁcient of multiple correlations (CMC)
as greater than 0.75 for all the joints, suggesting good consistency
f the kinematic patterns obtained in the 4 consecutive strides for
ach subject. It was found that at lower speeds the repeatability
ecreased, particularly at the ankle joint. Even though this effect
as not been shown quantitatively before in rat locomotion, it has
een shown that the walking speed of humans can negatively affect
he repeatability of gait (Kadaba et al., 1989). This may  be due to
he fact that at lower speeds the rats avoided putting together four
onsecutive strides, and instead sought to rest in the gaps between
ushes of three or four strides. This is more prominent at the ankle
oint due to the fact that it goes through a large range of motion in a
hort period of time. Above 20 cm/s the CMC  values did not change
igniﬁcantly. This decrease in reliability at lower speeds may  not
ave been noticed by other studies and because of this they often
se speeds upwards of 40 cm/s even for impaired gait.
Signiﬁcant changes were detected in the temporo-spatial
arameters which were consistent with those previously reported
Gillis and Biewener, 2001; Yu et al., 2001). As the speed of the
readmill increased, there was a decrease in the stance phase dura-
ion, whilst the swing time remained almost constant. Stride length
as also found to increase with speed. This indicates that the hind-
imb of the rat spends less time in contact with the ground/treadmill
elt with increasing speed; however, stance symmetry appears to
e independent of the speed, showing that the stance is symmetric
or healthy gait.
In this study the gait of the animals was also assessed follow-
ng induction of a temporary sciatic nerve block in the left hind
imb. Most rats were able to walk only at speeds of 10 and 15 cm/s.
urthermore, the injured rats failed to place their left foot on the
elt leading to paw inversion of the affected foot and a noticeable
eduction of the maximum paw area placed on the treadmill over
ime. The stance symmetry gave a clearer idea of the asymmetry
resent between the two groups indicating an increased loading
f the contralateral limb matching the results of previous studies
Varejao et al., 2003; Walker et al., 1994). The fact that the stance
ymmetry shows no correlation with speed suggests that it would
e a good measure of the level of impairment across speeds and
o, although used in a ﬁxed speed treadmill in this study, would be
ppropriate in free walking studies where the speed is variable.
This study is one of the ﬁrst, to the authors’ knowledge, to use 3D
nee marker triangulation to look at the effect of nerve impairment
n gait in Sprague-Dawley rats. Signiﬁcant changes were found incience Methods 232 (2014) 16–23
the joint extension angles of the healthy and impaired groups, and
more subtle changes were detected between the healthy and recov-
ered groups. The most notable changes were detected in the joints
of the impaired limb. In detail, the ankle angles at various indices
during a gait cycle increased as the impairment worsened. These
results come in agreement with previous studies which have shown
that injection of 0.1 ml  of 1% lidocaine near the sciatic notch of
Sprague-Dawley rats causes complete absence of motor function
30 min  after the injection. Here the ankle’s range of motion was
found to decrease from 56.1◦ ± 8.1◦ to 34.2◦ ± 18.7◦. These data con-
tradict the ﬁndings of Couto et al. (2008) and Yu et al. (2001) who
reported a signiﬁcantly higher range of motion in surgically injured
groups. Looking at each animal’s individual kinematic waveform,
it is interesting to note that one of the rats followed this trend and
showed an increase in the range of motion. This rat appeared to be
the least impaired of those used in the study and it is possible that
as the level of impairment increases the range of motion initially
increases and then starts to decrease after impairment reaches a
critical level.
Signiﬁcant changes were also detected in the knee and hip
for the impaired limb, with the range of motion of the knee
decreasing and the range of motion of the hip increasing. These
results are also in line with those reported in the studies men-
tioned above. Compensation mechanisms on the contralateral
limb included; an increase in the overall range of motion of the
hip and an increase in the initial ankle angle during the swing
phase.
Temporo-spatial parameters and kinematics analysis were also
carried out 90 min  after the injection at which point most gait
parameters were expected to have recovered, with complete recov-
ery expected at 120 min. Results showed that indeed at this time
substantial recovery had been achieved and the joint angle kine-
matics reverted to their pre-injection state on the whole. Gait
dynamic parameters, such as the stance and swing time, stride
length and paw area had returned to the values reported in the
control group indicating that the limb had fully recovered.
Multiple discriminant analysis was  used in order to classify ani-
mals into three groups; normal gait, gait at 30 min  post-injection of
the local anaesthetic and gait as expressed at 90 min  post injection.
Previous studies have outlined the importance of ankle kinemat-
ics (Varejao et al., 2004) and stance time (Walker et al., 1994) to
identify impaired gait and in this study all three discriminant anal-
ysis models showed that the classiﬁcation was  nearly perfect in
reclassifying the animals altered gait at 30 min  post-injection con-
ﬁrming that most parameters are sensitive enough to identify the
animal’s impaired gait (Amado et al., 2011; Varejao et al., 2003;
Walker et al., 1994). However, identifying minor impairments or
functional recovery following a nerve injury has been proven more
difﬁcult. In a previous study Amado et al. (2011) also used four dis-
criminant models to classify rats into one of the three experimental
groups; animals in the ﬁrst two groups had a crush injury to the
right sciatic nerve whilst, the animals of the third group undertook
a sham surgery. That study concluded that the discriminant model
constructed using hip joint kinematics parameters was the best in
identifying subtle gait changes. In this study however, a combina-
tion of kinematic and dynamic parameters was found to be more
sensitive and robust in classifying the gait of animals at 90 min  post
injection.
5. ConclusionsThe aim of this work was  to deﬁne a method for measuring the
gait of rats in order to characterise their locomotion and provide
a reliable measure for joint pathology and recovery. The gait of
healthy rats was assessed during normal locomotion at speeds
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rom 10 to 30 cm/s, shortly after temporary nerve block to the left
ind limb and again after full recovery. Average gait parameters for
ve female Sprague-Dawley rats were determined using an opti-
al motion tracking system (Vicon) and the DigiGaitTM imaging
ystem. During normal locomotion the dynamic parameters and
ngular data measured fall within ranges reported in literature.
emporary nerve block in the left hind limb had signiﬁcant effects
n both stance and swing joint angles. When compared to normal
ait, the range of motion of the left ankle and knee joints signiﬁ-
antly decreased. The rats also failed to place their left foot onto
he belt leading to a noticeable reduction of the maximum paw
rea placed on the treadmill over time. Compensatory gait changes
f greater range of motion at the hip joints were noted in both
ind limbs. At 90 min  post injection most of the gait parameters
ad returned to normal, although minor walking deﬁcits were still
resent. This more detailed approach, employing both gait dynamic
nalysis and joint kinematics, was found to be a reliable method
or the quantiﬁcation and classiﬁcation of the gait of healthy and
mpaired rats.
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